Aims/hypothesis. Retinal vascular leakage is an early pathological feature in diabetic retinopathy and can lead to macular oedema and loss of vision. Previously we have shown that plasminogen kringle 5 (K5), an angiogenic inhibitor, inhibits retinal neovascularisation in the rat model of oxygen-induced retinopathy (OIR). The purpose of this study was to examine the effect of K5 on vascular leakage in the retina. Methods. Neonatal rats were exposed to hyperoxia to induce OIR. Diabetes was induced in adult rats by injecting streptozotocin. Vascular permeability was measured by Evans blue method. Expression of vascular endothelial growth factor (VEGF) was evaluated using immunohistochemistry and western blot analysis. Results. Rats with OIR and diabetes showed abnormal vascular hyperpermeability in the retina and iris. Intravitreal injection of K5, reduced vascular permeability in both animal models, but did not affect permeability in normal rats. K5 reduced vascular permeability at doses substantially lower than that required for inhibition of retinal neovascularisation. The K5-induced reduction in vascular permeability correlated with its down-regulation of VEGF expression in the retina. Moreover, K5 inhibited IGF-1-induced hyperpermeability, which is known to arise through up-regulation of endogenous VEGF expression. However, K5 had no effect on the hyperpermeability induced by injection of exogenous VEGF. Conclusions/interpretation. Very low doses of K5 reduce pathological vascular leakage in the retina. K5 thus has therapeutic potential in the treatment of diabetic macular oedema. This effect can be ascribed, at least in part, to the down-regulation of endogenous VEGF expression. [Diabetologia (2004) 47:124-131] 
Breakdown of the blood-retinal barrier is a common pathological change in many ocular diseases such as diabetic retinopathy [1, 2, 3] . In the early stage of diabetic retinopathy, an increase of retinal vascular permeability precedes the appearance of clinical retinopathy [4, 5] . Retinal vascular leakage often leads to macular oedema, which is the single greatest cause of vision loss in diabetes [6] . Increased retinal vascular permeability caused by the breakdown of the bloodretinal barrier has been shown to occur in patients with diabetes and in streptozotocin (STZ)-induced diabetic animal models [4, 5, 7] . An increase in microvascular permeability is also thought to be a crucial step in angiogenesis associated with tumours [8] . The exact mechanism underlying the breakdown of the blood-retinal barrier and the pathological increase of retinal vascular permeability is mostly unclear, and there is no effective treatment for macular oedema secondary to vascular hyperpermeability.
Measurement of vascular permeability. Vascular permeability was quantified by measuring albumin leakage from blood vessels into the retina and iris using Evans blue in accordance with a documented protocol [20] with minor modifications. Evans blue dye (Sigma, St Louis, Mo., USA) was dissolved in normal saline (30 mg/ml), sonicated for 5 min and filtered through a 0.45-µm filter (Millipore, Bedford, Mass., USA). The rats were anaesthetised, and Evans blue (30 mg/kg) was injected over 10 s through the femoral vein using a glass capillary under microscopic inspection. Evans blue binds non-covalently to plasma albumin in the blood stream [21] . Immediately after Evans blue infusion, the rats turned blue, confirming uptake and distribution of the dye. The rats were kept on a warm pad for 2 h to ensure the complete circulation of the dye. Then the chest cavity was opened and the rats were perfused via the left ventricle with 1% paraformaldehyde in citrate buffer (pH=4.2), which was pre-warmed to 37°C to prevent vasoconstriction. The perfusion lasted 2 min under the physiological pressure of 120 mmHg to clear the dye from the vessel. Immediately after perfusion, the eyes were enucleated and the retina and iris were carefully dissected under an operating microscope. Evans blue dye was extracted by incubating each sample in 150 µl formamide (Sigma) for 18 h at 70°C. The extract was centrifuged (Rotor type: TLA 100.3, Beckman Coulter, Fullerton, Calif., USA) at 70 000 rpm for 20 min at 4°C. Absorbance was measured using 100 µl of the supernatant at 620 nm. The concentration of Evans blue in the extracts was calculated from a standard curve of Evans blue in formamide and normalised by the total protein concentration in each sample. Results were expressed in micrograms of Evans blue per milligrams of total protein content.
Induction of experimental diabetes and intravitreal injection of K5.
Eight Brown Norway rats (6 weeks old) were used in the experiment. Diabetes was induced after an overnight fast with an intraperitoneal injection of STZ (60 mg/kg in 10 mmol/l of citrate buffer, pH 4.5) into anaesthetised rats. Control rats were injected with citrate buffer alone. Serum glucose concentrations were checked every 2 days, and only animals with concentrations above 20 mmol/l were considered diabetic. Two weeks after the injection of STZ, K5 was injected into the vitreous of the right eye. The left eye received the same volume of sterile PBS as the control eye. Two days later vascular permeability was measured using the Evans blue method.
Evaluation of effect of K5 on hyperpermeability induced by VEGF and IGF-1. Sixteen 7-week-old Brown Norway rats were used in this experiment. VEGF (Pepro Tech, Rocky Hill, N.J., USA) was diluted to 0.03 µg/µl in PBS and sterilised. Purified IGF-1 was provided by Dr. Rosenzweig at the Department of Pharmacology, Medical University of South Carolina and was diluted to a concentration of 1.6 ng/µl and sterilised. The VEGF + K5 mixture contained 0.03 µg/µl VEGF and 0.3 µg/µl K5. The IGF-1 + K5 mixture contained 1.6 ng/µl IGF-1 and 0.3 µg/µl K5. Two groups of animals received an intravitreal injection of 3 µl VEGF or IGF-1 solution into the right eye and PBS into the left eye. The other two groups received 3 µl of the VEGF + K5 or IGF-1 + K5 solutions to the right eye and VEGF or IGF-1 alone to the left eye. Six hours after the injection, the vascular permeability in the retina and iris was measured as described above.
Assessment of VEGF expression. VEGF western blot analysis was done as described previously [16] . Immunohistochemistry was carried out as described previously [22] . Briefly, retinal sections were incubated with 1 to 100 dilution of the anti-VEGF antibody (Santa Cruz Biotechnology, Santa Cruz, Calif., Vascular endothelial growth factor (VEGF) is a major angiogenic and mitogenic factor, playing a crucial role in normal and pathological angiogenesis [9, 10] . Based on its ability to induce vascular hyperpermeability, VEGF is also referred to as the vascular permeability factor [9, 11] and is one of the main mediators of retinal vascular hyperpermeability [12, 13] . The up-regulated expression of VEGF or its receptors is associated with increased vascular hyperpermeability in the retina of STZ-induced diabetes [7] .
Plasminogen kringle 5 (K5) is a proteolytic fragment of plasminogen with a potent anti-angiogenic activity [14, 15] . Our previous studies showed that K5 prevents the development and arrests the progression of retinal neovascularisation in a rat model of oxygeninduced retinopathy (OIR) [16, 17] . Moreover, K5 down-regulates endogenous VEGF and up-regulates an endogenous angiogenic inhibitor, pigment epithelium-derived factor in vivo and in vitro [16] . Based on the close relationship between retinal vascular permeability and VEGF and the ability of K5 to regulate the expression of VEGF, we hypothesised that K5 prevents the breakdown of the blood-retinal barrier and decreases retinal vascular leakage in ischaemia-induced retinal diseases. To determine the effect of K5 on pathological vascular leakage and explore its possible mechanisms of action we used OIR and STZ-diabetic models.
Materials and methods
Animals. Brown Norway rats were purchased from Harlan Sprague-Dawley (Indianapolis, Ind., USA). The project was approved by the Institutional Animal Care and Use Committee of the Medical University of South Carolina and the University of Oklahoma Health Science Center. Care, use, and treatment of all animals in this study were in strict agreement with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research, as well as the Medical University of South Carolina's guidelines on the Care and Use of Laboratory Animals. The principles of laboratory animal care were followed and national laws on this issue were complied with.
OIR and intravitreal injection of K5. OIR was induced as described previously [18] with some modifications. Pigmented Brown Norway rats were used as they are more susceptible to OIR [19] . At postnatal day (P) seven, 40 rats in the experimental group were exposed to hyperoxia (75% O 2 ) for 5 days (P7-P12) and then returned to normoxia (room air) to induce retinopathy. Another 40 rats in the control group were kept at constant normoxia under a normal diet and a 12-h light and dark cycle. At each time point (P12, P14, P16, P18, P22, P30 and P36), vascular permeability was measured in the retina and iris of experimental and control groups.
Recombinant K5 was expressed and purified as described previously [17] . K5 was injected into the vitreous of the right eye (3 µl per eye) of the anaesthetised rats through the pars plana using a glass capillary. The left eye received the same volume of sterile PBS. After injection, the animals were kept in normoxia until they were analysed. USA). After extensive washes, the sections were incubated with biotin-labelled monoclonal anti-rabbit antibody (Vector Laboratories, Burlingame, Calif., USA) and developed using the ABC method (Vector Laboratories), with 3.3′ diaminobenzidine (0.025% in 0.05 mol/l Tris, pH 7.4, containing 0.03% hydrogen peroxide) as a chromogen.
Statistical analysis. Statistical analysis used the Student's t test. The paired t test was used for comparing eyes from the same animal, while the unpaired test was used to compare different animals. ANOVA was used in the factorial test. Statistical difference was considered significant at a p value of less than 0.05.
Results
Time-course of vascular permeability change in OIR rats. In normal rats kept under constant normoxia, vascular permeability did not change in the retina and iris from P12 to P22 (p>0.1, n=4 to 7) (Fig. 1a, b) . Permeability in the retina was lower than in the iris, reflecting a normal blood-retinal barrier.
In OIR rats exposed to hyperoxia from P7 to P12, retinal vascular permeability was increased at P12, the first day after they were returned to normoxia. The increase was 3.2 times higher than in the control rats matched for age (p<0.001, n=4). Retinal vascular permeability reached a peak at P16, 4 days after the animals were returned to normoxia (8.7-fold over the controls, p<0.001, n=7). From P18 to P22, the permeability declined gradually, but remained higher than the normal levels (7.6-and 4.23-fold over the respective controls, p<0.001, n=4). Vascular permeability in the retina declined to the normal level after P30 (Fig. 1a) .
In the iris of the OIR rats, permeability started to increase at P14 (1.87-fold over the controls, p<0.001) and peaked at P18 (2.41-fold, p<0.001). Thereafter, it remained higher than in the controls for the duration of the experimental period (Fig. 1b) .
Effect of K5 on vascular hyperpermeability in OIR rats. After the intravitreal injection at P14 vascular permeability was measured at P15, P16, P18 and P22. At P15, retinal vascular permeability in eyes treated with K5 decreased to 52% of that in eyes injected with PBS (paired t test, p<0.01, n=4) (Fig. 2a) . The fluorescein angiography showed that K5 had no detectable effect on retinal neovascularisation at this early stage and this dose (data not shown), suggesting that the reduction of vascular permeability through K5 occurs before its action on retinal neovascularisation. The strongest effect of K5 was seen 2 days after the injection (P16), with retinal vascular permeability in K5-treated eyes decreasing to 24.6% of the PBS control values (paired t test, p<0.001, n=4 ). Four and eight days after the K5 injection, retinal vascular permeability returned to the control range (p>0.05, n=4) (Fig. 2a) .
In the iris K5 significantly reduced vascular permeability only at 2 days after the injection (65.4% of the controls, p<0.01) (Fig. 2b) .
Dose-dependent effects of K5 on vascular permeability in OIR rats. Two days after the K5 injection (0.1, 0.3 and 1 µg per eye), vascular permeability was decreased in a dose-dependent manner in the retina and iris (Fig. 2 ). K5 at a dose of 1 and 0.3 µg per eye reduced vascular permeability in the retina and iris in comparison to the eye injected with PBS (p<0.01, n=4) (Fig. 2c, d) .
Effect of K5 on vascular permeability in normal rats. K5 was injected into the right eyes of normal rats (1 µg per eye) at P14. The results showed that K5 did not reduce permeability in the retina and iris of normal rats, when compared to the PBS control rats, although it did reduce vascular permeability in rats with OIR (Fig. 3, p>0.05, n=4) .
Effect of K5 on vascular leakage in diabetic rats. Vascular permeability in the retina and iris was significantly higher in rats with STZ-induced diabetes than in age-matched normal rats (Fig. 4) . Two days after 4 . Effect of K5 on vascular permeability in STZ-diabetic rats. K5 was injected into the STZ-diabetic and age-matched normal rats. Permeability was measured 2 days after the injection and expressed as µg of dye per mg of protein (means ± SEM, n=4). K5 plasminogen kringle 5, STZ streptozotocin the injection of K5 (1 µg per eye), the eyes injected with K5 showed less vascular permeability in the retina and iris than the PBS-injected eyes in STZ-diabetic rats (p<0.01, n=4) (Fig. 4) . K5 decreased permeability to the level of normal rats. In contrast, the same dose of K5 did not affect vascular permeability in agematched normal adult rats (p>0.05, n=4) (Fig. 4) .
K5-mediated decrease of vascular leakage possibly caused by down-regulation of endogenous VEGF.
Immunohistochemistry using an anti-VEGF antibody showed that rats with OIR have a substantially increased VEGF signal in the retina (Fig. 5) . Intravitreal injection of 0.3 and 1.0 µg per eye of K5 resulted in an apparent VEGF signal in the retina 2 days after the injection, compared to PBS-injected retina of OIR rats. The inner retina showed greater changes than the outer retina (Fig. 5c, d ). The effect of K5 on VEGF expression was semi-quantified by western blot analysis using the anti-VEGF antibody. The results showed that K5 decreased VEGF concentrations in a dose-dependent manner in the retina of OIR rats (Fig. 5e) . The dose-dependent effect on VEGF expression correlated with the K5-induced reduction of vascular permeability.
To further confirm that K5 affects vascular permeability through the down-regulation of endogenous VEGF, we assessed its effect on (i) hyperpermeability induced by injection of exogenous VEGF, and (ii) on hyperpermeability induced by IGF-1, which is known to induce endogenous VEGF expression. The injection of VEGF increased vascular permeability 2.2-fold in the retina and 1.2-fold in the iris, compared with PBS controls (p<0.01, Fig. 6a, b) . Vascular permeability in the retina and iris of eyes injected with the mixture of K5 and VEGF was not significantly different from that in eyes injected with VEGF alone (p>0.05).
The IGF-1 injection increased vascular permeability 3.1-fold in the retina and 1.7-fold in the iris, compared Fig. 5a -e. K5-mediated down-regulation of VEGF expression in the retina of OIR rats. Immunohistochemistry using an anti-VEGF antibody showed that K5 (1 µg per eye) decreases VEGF expression in the retina of OIR rats, compared with expression after PBS injection. The figure shows the retina of normal rats (a), rats with OIR after PBS injection (b); rats with OIR after injection of 0.3 µg per eye of K5 (c), and (d) rats with OIR after injection of 1 µg per eye K5. Each image is a representative from three rats. Rats with OIR received (e) an intravitreal injection of K5 (1, 0.3 or 0.1 µg per eye) at P14. Retinal VEGF concentrations were assessed by western blot analysis at P16. The same membrane was stripped and reblotted with the anti-β-actin antibody. K5, plasminogen kringle 5, VEGF, vascular endothelial growth factor, OIR, oxygen-induced retinopathy Fig. 6a, b . Effects of K5 on the hyperpermeability induced by VEGF and IGF-1. Adult rats were randomly assigned to four groups. Groups 1 and 2 received VEGF and IGF-1 intravitreal injections respectively in the right eye and PBS in the left eye as a control. Groups 3 and 4 received an injection of VEGF + K5 and IGF-1 + K5 cocktail solutions respectively in the right eye, with VEGF and IGF-1 alone in the left eye as controls. Six hours after the injections, vascular permeability was examined in the retina (a, c) and iris (b, d). The results were normalised by total protein concentrations and expressed as means ± SD, n=4. K5 plasminogen kringle 5, VEGF, vascular endothelial growth factor with the PBS controls (p<0.01, Fig. 6c, d) . The permeability in eyes which received a mixture of IGF-1 and K5 was indistinguishable from that in PBS-injected eyes and lower than in eyes injected with IGF-1 alone (p<0.01, Fig. 6c, d ), indicating that K5 completely blocks hyperpermeability induced by IGF-1.
Discussion
Vascular leakage in the retina is a major cause of macular oedema in diabetic retinopathy and other retinal diseases [1, 23, 24] . Currently, there is no satisfactory treatment for macular oedema. Our study reports that in addition to its anti-angiogenic activity, K5 prevents and reverses vascular hyperpermeability in diabetic rats and in rats with OIR, suggesting that K5 could be beneficial in the treatment of macular oedema.
OIR is a commonly used model for studies of retinal neovascularisation, such as retinopathy of prematurity and diabetic retinopathy [17, 18] . The change of vascular permeability in the OIR model and patients with retinopathy of prematurity has not been examined. Our study shows a transient but substantial increase in retinal vascular permeability in OIR. Significant vascular hyperpermeability occurs at P12. As shown in previous studies, there was no significant neovascularisation in the first 2 days (P12-P13) after the rats were returned from hyperoxia to normoxia in the same animal model. Apparent retinal neovascularisation appeared after P14 and declined after P22 [25] . Therefore, retinal vascular hyperpermeability, which indicates dysfunction of the blood-retinal barrier, appears earlier than retinal neovascularisation in the OIR model. Our study also suggests that the OIR rat is a good model for studying vascular leakage in the retina.
The mechanism underlying the breakdown of the blood-retinal barrier and vascular hyperpermeability at the early stage of OIR is mostly unclear. VEGF has recently been established as an important mediator of increased vascular permeability via a mechanism dependent on protein kinase C [11, 26] . VEGF is known to be an angiogenic stimulator, mitogenic factor and also a vasopermeability factor [9, 27, 28] . It is 50 000 times more potent than histamine in increasing dermal microvascular permeability [29] . Increased VEGF concentrations are a common pathological factor in neovascular ocular diseases of humans, as well as in the animal models of ischaemia-induced retinopathy [28, 30, 31, 32] . Recently, VEGF-targeted strategies, such as anti-VEGF antibodies and antagonists of VEGF receptors, have shown beneficial effects on the treatment of neovascular diseases [33, 34, 35] . Our previous studies showed that in OIR rats retinal VEGF concentrations increase to a peak at P16, 4 days after the animals are returned to normoxia [25] , correlating with the peak of vascular permeability in the retina.
These results suggest that VEGF is a major contributor to hyperpermeability in the OIR model.
Plasminogen kringle 5 is a potent angiogenic inhibitor [14] . We have previously shown that a single intravitreal injection of K5 prevents the development and arrests the progression of retinal neovascularisation in the OIR model [17] . The present study showed a new function of K5, i.e., its ability to prevent the breakdown of the blood-retinal barrier and reduce vascular leakage. In addition, K5 inhibited retinal neovascularisation at a dose of 10 µg per eye but not at 1 µg per eye [17] . We also showed that at a dose of 0.3 µg per eye K5 reduces retinal vascular permeability in the retina, as well as in the iris in the same animal model. This suggests that a lower dose of K5 is needed to affect vascular leakage than to achieve its anti-angiogenic activity.
The reduction of vascular permeability induced by K5 occurs early, 24 h after the K5 injection, when no detectable effect on neovascularisation is observed. The injection of K5 also reduced permeability in STZdiabetic rats, which do not develop retinal neovascularisation [36, 37] . These results suggest that the K5-induced reduction of vascular leakage is not the result of inhibition of neovascularisation. The effect of K5 on retinal vascular permeability is transient and peaks at the second day after the K5 injection. The short duration of this effect could result from a short half-life of the peptide in the vitreous after a single intravitreal injection [17] .
With regard to findings that K5 displayed antiangiogenic activity only in OIR rats, but not in the normal retina [17] , we showed that K5 only reduces vascular permeability in the retina of OIR and diabetic rats to the normal range, but does not further decrease permeability in normal rats matched for age. These results are consistent with the observation that K5 only down-regulates VEGF expression in the retina with ischaemia but does not decrease VEGF concentrations in the normal retina. Moreover, the K5 dose-dependent reduction of vascular permeability correlates with the dose-dependent down-regulation of VEGF in the OIR model. These observations suggest that the K5-induced reduction in permeability could result from its inhibitory effect on VEGF expression.
To further confirm that the K5-induced reduction in vascular permeability occurs by blocking the expression of endogenous VEGF, we compared the effect of K5 on (i) hyperpermeability induced by injection of exogenous VEGF and (ii) hyperpermeability induced by injection of IGF-1. IGF-1-induced hyperpermeability is dependent on the up-regulation of endogenous VEGF expression whereas that induced by VEGF injection is not [38] . Our results show that K5 prevents hyperpermeability induced by IGF-1 but not that induced by exogenous VEGF. This indicates that K5 does not reduce vascular leakage once the VEGF has been produced, providing further support that the K5-induced reduction of permeability occurs, at least in part, through blocking the production of endogenous VEGF.
